This study was organized to see whether vitamin E, as a strong antioxidant, could affect the abnormalities of testis structure caused by para-nonylphenol (p-NP) during its development. A total of 32 female Wistar rats after mating were divided into four groups (n = 8): control, vitamin E (100 mg kg −1 per day), p-NP (250 mg kg −1 per day) and p-NP + vitamin E. The rats were treated from the seventh day of pregnancy till the twenty-first day. After weaning, the male pups were divided into the same groups and were treated orally for 90 days. Finally, the right testis was fixed, processed, stained and studied using stereological methods. The weight and volume of testis, volume of seminiferous tubules and its diameter, thickness of the basement membrane, height of the germinal epithelium, total number of types A and B spermatogonia, spermatocyte, spermatid and Sertoli cells were significantly reduced in p-NP group when compared with other groups. Co-administration of vitamin E and p-NP compensated for the adverse effects of p-NP on the above parameters. In addition, treatment with only vitamin E caused a significant increase in diameter, basement membrane thickness and height of germinal epithelium, number of spermatogonia and spermatocytes. Co-administration of vitamin E with p-NP could prevent the adverse effects of p-NP on the testis structure during its development.
Introduction
Man-made environmental pollutants, especially those with estrogenic activity, have increased public concern regarding their effects on the health of reproductive system, because of their disrupting property on endocrine function in human as well as in wildlife populations. Alkylphenols as estrogenic compounds are manufactured for several commercial purposes, such as plastics, detergents, shampoos, paints, pesticides, cosmetics and other formulated products [1, 2] . Among alkylphenols, para-nonylphenol (p-NP) is able to impair the endocrine system by inhibiting estrogen or androgen receptors, and causes dysfunction in male and female reproductive systems [3] [4] [5] [6] [7] [8] . Investigations suggest that p-NP can cause oxidative stress and reduce activity of 2 npg scavenging enzymes, such as superoxide dismutase and glutathione peroxidase, in the testis tissue [9, 10] . After discovery of toxicity, estrogenic and oxidative properties of p-NP, some investigations have focused on the adverse effects of p-NP on the morphological changes in male reproductive system. In this case, the reduction in volume and weight of testis, diameter of seminiferous tubules, thickness of germinal epithelium, number of sperm, spermatogenesis and the induction of apoptosis in the germ cells are some of the changes that have been reported as the consequences of p-NP exposure [11] [12] [13] [14] [15] [16] . On the other hand, antioxidants, such as vitamin E, can inhibit reactive oxygen species (ROS) [9, 17, 18] , and thus terminate lipid peroxidation and stabilize the molecular composition of cellular membranes [19] ; therefore, it prevents the harmful effects of ROS. In addition, investigations have also shown that the vitamin E prevents toxic damages to testis and sperm after exposure to other chemicals and to γ-radiation [19] [20] [21] . As vitamin E is a dietary factor for animal nutrition, which is important for normal reproduction [22] , and also its requirement for testicular function is well established [23] , therefore, this study was organized to investigate the preventing role of vitamin E as a strong antioxidant in ameliorating the undesired effects of p-NP on the structure of testis in rats treated with p-NP from prenatal to maturation for a period of 90 days.
Materials and methods

Animals and treatments
Male and female Wistar rats with the average weight of 200 ± 10 g were purchased from Pasteur Institute, Iran, and kept in the animal house of Arak University under standard conditions of 21 ± 2ºC, 12hrs light-12hrs dark and enough food and water. After mating, based on vaginal plug observation, female pregnant rats were divided into four groups (n = 8), including control, p-NP (250 mg kg −1 per day) (Acrose company, New Jersey, USA), vitamin E (100 mg kg −1 per day) (Sigma-Aldrich, Steinheim, USA) and p-NP + vitamin E. The treatment was carried out from day 7 of pregnancy to day 21 of postnatal, through mother's milk. After weaning, the male pups (F1 generation) were divided into the same groups (n = 8) as their parents, and the same treatments were continued orally till maturation (90 days) [24] . Considering the high viscosity of p-NP and vitamin E, we used corn oil as a carrier [4, 25] with the concentration of 50 mg p-NP per 0.1 mL corn oil [26] and the same formulation was carried out for vitamin E.
Chemicals and dosage
All the chemicals in this study were purchased from Merck Company, Hohenbrunn, Germany unless it is mentioned elsewhere. The p-NP dose was selected on the basis of the doses that have been used in the previous investigations with pathological consequences on male reproductive system of rats [4, 13, 14] and the same logic was also considered for vitamin E dose [19, 27] . The duration of exposure to p-NP was 90 days, which is the required time for completion of maturation, and vitamin E treatment was also done along with p-NP treatment.
Tissue preparation
At the end of the treatments, the rats were weighed and anesthetized using diethyl ether, then killed, and their right testes were taken out and weighed. The volume of testis was estimated using the immersion method [28] and then fixed in the modified Davidson's fluid fixative [29] .
Stereological study
The orientator method was used to obtain Isotropic Uniform Random (IUR) sections [30, 31] . For this purpose, testis was randomly placed on the φ clock, which is divided into nine equal parts. By choosing random number from one to nine, an appropriate cut was made along the selected number, which resulted in two pieces of testis. The first piece was then placed on the θ clock-which is divided into nine unequal partsalong with its previous cut surface on the 0-0 axis, then a random number was selected again and a parallel cut was made along the selected number. The other piece that resulted from the cut made on the φ clock was placed on the θ clock vertically so that its cut surface overlapped the 0-0 axis. This piece was also cut parallel along a randomly selected number [30, 31] ; after tissue processing, sections of 5 and 20-μm thickness were cut using the microtome and stained using Heidenhain's Azan method.
Estimating the shrinkage and the total volume of testis
To estimate the shrinkage, three random segments were prepared using a trocar from the IUR sections. npg For each segment, the two vertical diameters were measured and their mean radius was estimated and considered as pre-fixing radius (r before ). After fixation, tissue processing and sectioning, staining was carried out and the same measurements were performed as above, and the obtained mean radius was considered as the post-fixing radius (r after ). Using the following equation, the amount of shrinkage in each testis was estimated [30] .
To obtain the true volume of testis, the amount of shrinkage was subtracted from the volume estimated by the immersion method.
Estimating the volume of seminiferous tubules and interstitial tissue
To estimate the volume of seminiferous tubules and interstitial tissue, using the systematic random sampling method, an average of five to seven fields per each 5-µm section was evaluated by randomly placing the point probe on each field.
The total points superimposed on the whole field ( ), along with the total points superimposed on the seminiferous tubules ( ) and the total points superimposed on the interstitial tissue ( ) were counted, and the volume density of each was estimated using the following equation:
, where x is the interstitial tissue or seminiferous tubules. The total volume of each compartment was also calculated by multiplying its volume density (V v ) by the total volume of the testis [30] .
Estimating the length, diameter, height of the germinal epithelium and the basement membrane thickness of seminiferous tubules
To estimate the length of seminiferous tubules, five to seven random fields from 5-µm-thick sections, using the objective of 10 × , were selected and the number of the selected seminiferous tubule profiles was counted using an unbiased counting frame [30] [31] [32] ; thus, an average of 110-130 seminiferous tubules per testis was estimated. The length density of seminiferous tubules was also estimated using the following formula:
, where ∑Q i is the total number of the selected tubules, a / f is the frame area in tissue scale and ∑P i is the total points superimposed on the testis tissue. To obtain the absolute length of the seminiferous tubules, the lengths density (L v ) was multiplied by the total volume of the testis [30] .
To estimate the mean diameter of seminiferous tubules, we used the Olympus DP12 microscope equipped with a camera. The diameter of the tubules was measured on the sampled tubules in the counting frame used for estimating the length of the seminiferous tubules. The diameter was measured perpendicularly to the long axis of the tubules where the tubules were widest [32] . Approximately 110-130 tubules were measured.
To estimate the height of the germinal epithelium, the following equation was used: , in which V v is the volume density of the germinal epithelium and S v is the surface density of the germinal epithelium. For this purpose, an average of 8-10 fields, using the objective of 10 × , from all of the 5-µm-thick sections of rat testis were studied using the systematic random sampling method.
To obtain the volume density of the germinal epithelium, the total number of points of the point probe superimposed on each image of the testis was counted, and then the total number of the points superimposed on the germinal epithelium was also counted and divided into the total number of points counted for the testis.
To estimate the surface density (S v ) of the germinal epithelium following equation was used [30] :
Where, (ΣP i ) is the total number of points super imposed on the germinal epithelium of the seminiferous tubule, (L / P) is the length of the linear test probe in actual tissue scale and (ΣI i ) is the total number of intersections of linear test probe with the inner surface of the germinal epithelium.
npg
To estimate the mean basement membrane thickness of seminiferous tubules, the harmonic mean of the basement membrane thickness was estimated [33] . A number of the fields were selected from all of the 5-µm-thick sections using the objective of 100 ×, then a probe consisting of isotropic lines was superimposed on the images and the distance between the inner and outer surfaces of the basement membrane was measured by drawing a line from the outer surface to the touch point of the isotropic line with the inner surface of the membrane. The distance of the drawn line was considered as the thickness of basement membrane. An average of 110-120 intercepts was estimated, and the mean basement membrane thickness was calculated using the following equation:
Harmonic mean layer thickness = 8 / 3π × harmonic mean of orthogonal intercepts, where harmonic mean = number of measurements/ sum of the reciprocal of orthogonal intercepts (o i )
Estimating the number of spermatogonia (A and B), spermatocyte, spermatid and Sertoli cells
To estimate the number of cells, the optical disector method and an unbiased counting frame were used [30, 34, 35] .
A number of fields, using the objective of × 100, from all of the 20-µm-thick sections were selected and a microcator (ND 221 B, Heidenhain, Germany) was used for counting. Using the following equation, the number density (N v ) of different types of cells was estimated.
, where ∑Q i is the total number of the counted cells, h is the tissue thickness considered for counting, a / f is the frame area in the true tissue scale and ΣP i is the total number of the points superimposed on the selected fields. The result of the equation was then multiplied by the total volume of the testis to obtain the total number of cells (N total = N v × V total ).
Data analysis
The results were analyzed by one-way analysis of variance (ANOVA) and Tukey's test using the SPSS V11/0 software. The means were considered significantly different at P < 0.05.
Results
The total volume of testis, seminiferous tubules and interstitial tissue
A highly significant reduction in the mean total volume of testis and seminiferous tubules in the p-NP group compared with the other groups was seen (P < 0.01), whereas no reduction was found in the above-mentioned parameters in the vitamin E + p-NP group when compared with control and vitamin E groups. No significant difference was found in the mean volume of the interstitial tissue between the groups (Table 1) .
The length (m), diameter, basement membrane thickness and germinal epithelium height of the seminiferous tubules (µm)
On comparing the mean diameter and basement membrane thickness of the seminiferous tubules, a highly significant reduction was seen in the p-NP group compared with the other groups (P < 0.01), whereas in the vitamin E + p-NP group, no reduction was found regarding the above-mentioned parameters when compared with the control group. On the other hand, the vitamin E group showed a highly significant increase in the mean diameter, basement membrane npg thickness of seminiferous tubules and also in the height of the germinal epithelium of seminiferous tubules compared with other groups (P < 0.01). The mean height of the germinal epithelium in p-NP group showed a highly significant reduction compared with the p-NP + vitamin E and vitamin E groups (P < 0.001), whereas a highly significant increase was found in the vitamin E group compared with the remaining groups (P < 0.001). Meanwhile, a comparison of the mean length of the seminiferous tubules in all four groups showed no significant difference ( Table 2 ).
. N u m b e r o f t h e s p e r m a t o g o n i a ( A a n d B ) , spermatocyte, spermatid and Sertoli cells
The mean number of type A spermatogonia showed a highly significant reduction in the p-NP group compared with the other groups (P < 0.01), whereas the mean number of type B spermatogonia showed a highly significant reduction in the p-NP group in comparison with the vitamin E and P-NP + vitamin E groups (P < 0.001). The reduction in the mean number of spermatocyte, spermatid and Sertoli cells in the p-NP was highly significant when compared with the other groups (P < 0.001). In the group of vitamin E + p-NP, numbers of all the above-mentioned germ cells did not show reduction when compared with the control group. A highly significant increase (P < 0.001) was found in the mean number of type B spermatogonia and spermatid in the vitamin E group compared with the control and p-NP groups, and the same finding (P < 0.001) was observed in the mean number of type A spermatogonia, spermatocytes and Sertoli cells in vitamin E group when compared with p-NP group only (Table 3) .
Histopathological findings
The histopathological study in the p-NP-treated group showed that germinal epithelium was irregular and vacuolated with reduction in height. The amount of sperm also seemed to be less in this group, which is conformed by sperm counts (data not shown) Figure 1. 
Body and testis weight
At the end of the treatments, the mean body weight in p-NP and p-NP + vitamin E groups showed a highly significant reduction (P < 0.01) compared with the remaining groups. A highly significant reduction (P < 0.001) in the mean weight of testis was also seen in p-NP group compared with the other groups. In p-NP + vitamin E group no reduction in the weight of testis was found when compared with control group, but a significant reduction (P < 0.05) of body weight was observed (Table 4) .
Discussion
In the present study, the volume of seminiferous tubules in p-NP-treated group significantly reduced. According to Zhang et al. [15] , treatment of Sprague- The mean with the same letter code does not differ significantly (ANOVA, Tukey's test, P > 0.05). npg Dawley (SD) rats with 100 mg kg −1 of p-NP for 28 days, and 200 mg kg −1 of p-NP from the seventh day of pregnancy to the end of weaning [16] resulted in atrophied seminiferous tubules. In addition, the maldeveloped seminiferous tubules were reported by Qiu et al. [12] , when SD rats were treated with 200 mg kg −1 of p-NP from day 7 of gestation to the weaning period, which confirms our findings. In addition, our results indicated that the diameter and thickness of basement membrane were also reduced following treatment with p-NP, which is in agreement with the published results by De Jager et al. [13] , wherein the rats were treated with 100 and 250 mg kg −1 p-NP for 10 weeks. However, they reported a reduction in the germinal epithelium thickness, whereas in our results, no reduction in the germinal epithelium thickness was observed. This 7 npg might be because of differences in the strain of the used animals and the duration of the treatment. In addition, our results revealed a significant reduction in the total volume of testis after treatment with p-NP. As the interstitial tissue of testis did not show any changes after p-NP treatment and seminiferous tubules are the main components of the testis, so the reduction in the volume of seminiferous tubules can be considered as the most important reason for the reduction in the volume of testis.
According to the present results, a significant reduction in the number of type A spermatogonia, spermatocyte, spermatid and Sertoli cells was found in the p-NP group. Other studies have also reported a reduction in the number and quality of sperm after treatment with 250 mg kg −1 of p-NP [13, 14] . Qiu et al. [12] showed that the treatment of rats with 200 mg kg
of NP from day 7 of gestation to the weaning period, can cause a significant reduction in Sertoli cell numbers, sperm count and motility, as well as impairment of spermatogenesis. Even the administration of very low concentrations of p-NP (50-500 µg L −1 of drinking water) for a period of 4 weeks causes Sertoli cell damage in mice [5] . Therefore, damage to Sertoli cells due to p-NP may be another reason for the reduction in the number of germinal cells [36] . These observations show that the germ cells and spermatogenesis are very susceptible to p-NP toxicity.
Many investigations have referred to the estrogenic property of alkylphenols (such as p-NP and octylphenol) [1, 2, 37], responsible for degeneration of endocrine glands [6] , which leads to changes in the sexual hormone levels [38] and thereby affects spermatogenesis. It is notable that treatment with p-NP can increase the rate of apoptosis in germinal cells [39] , which could be considered as a parameter involved in the reduction of the number of germinal cells. In addition, induction of oxidative stress and reduction in the activity of scavenging enzymes, such as glutathione reductase and superoxide dismutase, by administration of 100 µg kg −1 of p-NP for 45 days in the testis of rats have been reported [9] . ROS produced through oxidative stress attack the unsaturated fatty acids in the cell membranes of testis, which in turn causes disruption of the cell membrane and finally leads to cell damage. Therefore, p-NP toxicity, estrogenic property and induction of oxidative stress collectively can cause the abovementioned abnormalities in the testis.
In our study, a significant reduction in the mean body and testis weight was found in the rats treated with p-NP at the end of treatment period. The same results have also been reported by other investigators [37, 40, 41] . On the basis of the studies carried out so far, body and testis weight reduction due to the p-NP treatment is dose and time-dependent, and also relates to the stage of development in which the treatment starts [13, 14 ,40, 42, 43] . The reduction in body weight could be because of loss of appetite and anorexia in the treated rats, which results in the reduction of their food consumption [42, 44] . In case of testis weight reduction, it should be mentioned that the seminiferous tubules occupy most of the testis volume, and also germinal cells are the most important compartments of testis tissue [38] , so the testis weight reduction may be correlated with the abnormal changes in the above-mentioned parameters.
The co-administration of vitamin E with p-NP could compensate for the reduction of weight and volume of testis, volume of seminiferous tubules, and its diameter and thickness of basement membrane, as well as number of type A spermatogonia, spermatocyte, spermatid and Sertoli cells. It is well documented that the vitamin E, as a strong antioxidant, can prevent oxidative effects of chemicals, such as ethane dimethane sulfonate [19] , formaldehyde [20] , and the DNA-breaking effect of γ-radiation [21] . In addition, Chitra and Mathur [9] reported that vitamin E reversed the reducing effect of p-NP on scavenging enzymes. Also, co-administration of vitamin C along with bisphenol A could compensate for the effects of oxidative stress in epididymal epithelium of rats testis [10] . Therefore, induced oxidative stress could be the most important reason for adverse effects of p-NP [9, 10] on the investigated parameters of the rats' testis in this study.
In conclusion, as the most important finding of this study, vitamin E could compensate for all the adverse effects of p-NP treatment on the testis structure. In addition, it was observed that the application of only vitamin E could significantly increase the seminiferous tubules diameter and basement membrane thickness, height of germinal epithelium as well as the number of type B spermatogonia and spermatid. Thus, we recommend consumption of this vitamin wherever the toxicity with p-NP is the matter of concern.
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